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A B S T R A C T

This study investigates the fabrication, characterization and biocompatibility of a Ti–6Al–4V–4Cu alloy produced 
from spherical Ti–6Al–4V and Cu powders using the directed energy deposition (DED-LB) process with an 
annular laser beam (ALB). Based on process stability related wall rectangularity, and interlayer bonding, the 
optimal build strategy of the wall samples was achieved by a bi-directional path with reducing ALB power and 
initial power of 1250 W. Microstructural characterization included optical microscopy for grain morphology, 
SEM with analysis for microstructure and elemental distribution, and XRD for phase identification. Electro
chemical performance was assessed in a simulated physiological environment, demonstrating passive behavior 
and corrosion resistance. To evaluate in vivo biocompatibility, disc-shaped implants were inserted subcutane
ously in mice and monitored for physiological, hematological, biochemical, and histological responses over a 
period of 7 or 56days. Mice exhibited no signs of adverse effects with stable feed and water intake, normal body 
weight, and typical behavior. Hematological and metabolic profiles revealed no significant differences between 
the Ti–6Al–4V–4Cu, Ti–6Al–4V, sham, and untreated groups. Histological analysis revealed that the implants 
were well-integrated with surrounding tissues, with no evidence of granulomatous inflammation, immune cell 
infiltration, or abnormal tissue morphology. ICP-MS analysis of the mouse serum revealed stable concentrations 
of Cu, Al, V, and Ti, indicating no systemic metal release. These findings confirm that DED-LB fabricated 
Ti–6Al–4V–4Cu alloy exhibits favorable in vivo biocompatibility and systemic safety in mice. The results support 
its potential for biomedical applications that require corrosion resistance and biocompatibility, and warrant 
further in vivo evaluation of its antibacterial properties.

1. Introduction

Implants are widely used in medicine to repair damaged bones, 
replace joints or teeth, or support healing after injury. The functionality 
and longevity of these implants are highly dependent on the materials 
used in their manufacture. Titanium alloys, particularly Ti–6Al–4V, are 
among the most widely used materials for the manufacture of implants. 
Ti–6Al–4V is known for its high strength, low weight, corrosion 

resistance, and good biocompatibility [1–3]. However, implant-related 
infections affecting 1–5 % of patients remain a major clinical problem 
that can hinder recovery or even necessitate revision surgery [4]. Recent 
reviews also highlight the growing focus on tailoring Ti-based alloys, 
including β-phase stabilized systems, to enhance mechanical compati
bility with bone and improve biological performance in orthopedic and 
dental applications [5].

To address the mitigation of implant-related incidence, there is a 
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growing interest in improving the antibacterial and biocompatible 
properties of implant materials through alloying [6]. One of the various 
strategies is to alloy with copper (Cu), which has documented antibac
terial properties as it disrupts bacterial cell membranes, leading to cell 
death [7]. Alloying Ti–6Al–4V with Cu produces a microstructure con
sisting of titanium α-phase and β-phase, along with intermetallic Ti2Cu 
phase, which can potentially provide the antibacterial effect [8]. The 
Ti–6Al–4V–xCu alloy has already shown promise in delivering anti
bacterial function without compromising mechanical integrity or 
biocompatibility [9–11]. Recent reviews emphasize that Ti–Cu alloys 
represent a promising class of next-generation biomaterials due to their 
combined antibacterial efficacy, enhanced corrosion resistance, and 
tunable mechanical properties. These are all attributes that are strongly 
influenced by the distribution and morphology of the Ti2Cu phase, 
which are shaped by processing methods [12,13].

The first attempts to develop Ti–6Al–4V–xCu alloys were primarily 
based on conventional manufacturing technologies, such as casting and 
powder metallurgy [14,15]. However, these methods often lead to 
heterogeneous microstructures and a non-uniform distribution of the 
Ti2Cu phase [8], resulting in reduced antibacterial performance and 
mechanical brittleness [10,16]. In addition, conventional methods are 
associated with challenges due to the high melting point of titanium and 
its reactivity with oxygen, as well as the reduced ability to produce 
complex, customized shapes.

In this context, additive manufacturing (AM) has emerged as a 
promising alternative to conventional manufacturing technologies, of
fering significant advantages in terms of design freedom, material uti
lization, and ability to tailor the microstructure. AM processes enable 
the layer-by-layer construction of complex, personalized implants 
directly from digital models, reducing material waste and production 
lead times. For Ti–6Al–4V-xCu alloys, AM offers the added benefit of 
precise control over the incorporation and distribution of Cu, which is 
critical for improving antibacterial functionality while maintaining 
desirable mechanical properties.

Among the AM processes, laser-based powder bed fusion (PBF-LB) 
[17] has been extensively used for the fabrication of Ti–6Al–4V–xCu 
alloys with 1–15 wt% Cu [18–20]. In addition, Ti–6Al–4V–xCu alloys 
produced with PBF-LB have been shown to have better mechanical 
properties and higher antibacterial activity compared to alloys produced 
with conventional technologies [21]. However, the concentrated energy 
input and extreme cooling rate typical of PBF-LB, combined with the 
large difference between the melting points and thermal conductivities 
of Ti–6Al–4V and Cu, can lead to segregation of the elements, vapor
ization of Cu powder particles, and, similar to conventional 
manufacturing, non-uniform Ti2Cu phase formation [22,23]. Limited 
build volume and relatively low deposition rate are also limiting factors 
in the PBF-LB process for use in implant manufacturing. Furthermore, 
the development of such complex alloys demands multi-material capa
bility, which in the case of PBF-LB remains at an early stage of devel
opment, constrained by process control and system design challenges 
(powder switching, recoater design, cross-contamination, etc.) and 
complex build strategies [24–26].

To overcome these limitations of PBF-LB, another established AM 
process, laser beam directed-energy deposition (DED-LB), can be used. 
DED-LB utilizes a higher power and significantly larger laser beam 
diameter, along with lower scanning speeds compared to PBF-LB, which 
considerably reduces the risk of Cu vaporization. In addition, the slower 
cooling rate of the DED-LB deposited material promotes the formation of 
fine intermetallic Ti2Cu phases, which are desirable [27]. For the 
DED-LB fabrication of Ti–Cu alloys, both wire [28] and powder feed
stock [27] have already been successfully used. However, the wire-fed 
approach is limited by its reliance on pre-alloyed wires, which re
stricts flexibility in customizing the composition of the deposited ma
terial. In addition, the DED-LB encounters several challenges, such as 
lower spatial resolution, limited surface finish quality, and difficulties in 
achieving precise control over sharp interfaces. Nevertheless, for the 

development of Ti–6Al–4V–Cu alloys, powder-based DED-LB offers 
notable advantages over PBF-LB, primarily due to its ability for versatile 
multi-material fabrication - including mixing of powders in precise ra
tios and switching of feedstocks in real time, enabling the production of 
alloys with well-defined material compositions and tailored properties 
[29–31]. However, there are few published results on the fabrication of 
Ti–Cu alloys with powder DED-LB. Nevertheless, the significant anti
bacterial properties of the powder DED-LB fabricated Ti–Cu alloy have 
been demonstrated through the effective inhibition of bacterial growth 
[27], as well as improved mechanical properties and uniformity of Ti2Cu 
phase distribution [32]. Furthermore, the addition of Cu to Ti–6Al–4V in 
powder DED-LB [33] was reported to result in refined grains, a uniform 
composition, enhanced strength and hardness compared to the depos
ited Ti–6Al–4V. Despite these promising results, significant knowledge 
gaps remain in powder DED-LB fabrication of Ti–6Al–4V-xCu alloys, 
particularly regarding material microstructure and biocompatibility. 
This is also applicable to the corrosion resistance of DED-LB-fabricated 
Ti–6Al–4V-xCu. The high corrosion resistance of metallurgically pro
duced wrought Ti–6Al–4V has been well established in the in vitro 
studies using simulated physiological fluids and long-term clinical 
practice [34]. The corrosion resistance of Ti–6Al–4V produced by 
various AM methods has been investigated and generally shown to be 
comparable to the metallurgically produced alloy, although with some 
differences, as will be detailed in the text below. Among AM methods, 
the Ti–6Al–4V samples were most often produced using PBF-LB (also 
referred to as selective laser melting, SLM) [35–46], whereas electron 
beam melting (EBM) [36,47] or DED-LB [48] were used more sparingly. 
In our previous work [49], we investigated the corrosion resistance of 
Ti–6Al–4V alloy produced by DED-LB and compared it to that of the 
wrought alloy. Regarding the corrosion and electrochemical properties 
of AM-produced Ti metal and Ti–6Al–4V alloys with the addition of 
copper, mostly those produced by PBF-LF methods have been investi
gated, i.e. Ti–5Cu [50–52] and Ti–6Al–4V–xCu alloys [20,53–55]. 
However, the effect of copper addition on electrochemical and corrosion 
properties of Ti alloys has been much less addressed when using DED 
[27].

A number of studies have explored the antibacterial properties and 
biocompatibility of copper-containing alloys, primarily through in vitro 
assays, and a selection of these publications is presented here. Investi
gation of Ti–6Al–4V alloys with varying Cu contents demonstrated 
enhanced antibacterial activity against E. coli and S. aureus, along with 
satisfactory cytocompatibility [55]. Guo and Lin (2017) [20] evaluated 
Ti–Cu alloys prepared by selective laser melting for antibacterial activity 
against S. aureus. Alloys with 3–5 wt% Cu achieved >99.9 % bacterial 
reduction within 24 h. In a study of Zhang et al. (2016) [56], Ti–Cu 
sintered alloys were evaluated for antibacterial activity against S. aureus 
using an in vitro plate-counting method. Alloys with ≥5 wt% Cu ach
ieved over 99 % bacterial reduction, attributed to the release of copper 
ions. Ti–Cu alloys fabricated by PBF-LB exhibited significant antibac
terial efficiency and corrosion resistance [50]. The combination of 
nanoscale surface roughness with Cu addition further enhanced anti
bacterial performance against S. aureus without affecting osteoblast 
viability [57]. Ti–Cu alloys with different Ti2Cu phase morphologies 
also improved antibacterial efficacy without compromising cell 
compatibility in dental applications [58]. In another study, Ti–5Cu al
loys modified with plasma achieved over 99 % bactericidal efficiency 
against S. aureus [59], whereas Ti–15Zr–xCu alloys improved antibac
terial properties while maintaining bioactivity [60]. Collectively, these 
in vitro investigations highlight the promise of Cu-containing alloys for 
biomedical applications. However, supporting their future use in 
biomedicine, caution is warranted when extrapolating these in vitro re
sults to in vivo or clinical settings. By contrast to several in vitro studies, 
relatively fewer studies have assessed the in vivo performance of 
copper-containing metals and alloys. Sintered Ti–10Cu implants signif
icantly reduced S. aureus infection and showed acceptable tissue 
compatibility in a rabbit femoral model [61]. Cu-bearing stainless steel 
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implants supported osteogenesis without provoking severe inflamma
tory responses in a rat model [62]. In another study using 
copper-containing stainless steel implants, enhanced bone regeneration 
was observed, promoting both angiogenesis and osteogenesis in a mouse 
tibial hole model [63]. In a canine model of early peri-implantitis, Ti–Cu 
dental implants were more effective in inhibiting infection-induced bone 
resorption compared to pure Ti implants [77] []. In vascular biomedical 
applications, stent implants manufactured from 316L stainless steel and 
a cobalt-chromium alloy containing Cu have been shown to markedly 
reduce vascular smooth muscle cell proliferation and improve arterial 
blood flow in a rabbit artery model [65]. In contrast, a long-term eval
uation of Zn–Cu stents in porcine coronary arteries revealed sustained 
patency without thrombosis or significant inflammation over a two-year 
period [66]. More recently, additively manufactured scaffolds contain
ing copper ions have been shown to promote early angiogenesis and 
initial tissue regeneration in a rat skull bone defect model, further 
underscoring the potential of copper for enhancing regenerative out
comes [67]. In addition to bulk alloy development, surface modification 
techniques such as double glow plasma surface alloying (DGPSA) have 
been successfully used to apply Cu-based coatings with high bonding 
strength, antibacterial performance, and biocompatibility, further sup
porting their clinical potential [68]. Collectively, these preclinical in vivo 
studies highlight the potential of copper-containing alloys to enhance 
antimicrobial protection and tissue regeneration, supporting their future 
application in biomedical settings.

In our previous study [49], we investigated the composition, struc
ture and electrochemical behavior of Ti–6Al–4V fabricated by annular 
laser beam (ALB) powder DED-LB process and compared it to the 
wrought alloy produced by conventional metallurgy. As mentioned in 
the literature discussed above, the addition of 4 wt% Cu to Ti–6Al–4V 
provides effective antibacterial activity while maintaining the essential 
properties of the base alloy. Therefore, in this study, Ti–6Al–4V–4Cu is 
selected as the starting composition. The work focuses on the investi
gation of the Ti–6Al–4V–4Cu alloy fabricated by the ALB powder 
DED-LB process, with a particular emphasis on the influence of the DED 
build strategies, microstructural characteristics, corrosion behavior, and 
biocompatibility. Various wall build strategies, including deposition 
path, ALB deposition power, and ALB initial power, were investigated to 
identify the strategy that ensures DED-LB process stability and adequate 
interlayer bonding. Grain morphology was examined using optical mi
croscopy. Microstructural characterization of the alloy was conducted 
through scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), and X-ray diffraction (XRD). Electrochemical 

measurements were conducted in a simulated physiological solution to 
test corrosion properties. Finally, in vivo biocompatibility testing of 
DED-LB fabricated Ti–6Al–4V–4Cu was carried out in an animal model.

2. Materials and methods

2.1. Experimental setup and materials

A powder DED-LB system utilizing an annular laser beam and axially 
fed powder (Fig. 1) was employed to perform the experiments. The 
energy source used was an Alta Medium Power continuous fiber laser 
from nLight, operating at a maximum power of 2650 W and a wave
length of 1080 nm. In the DED-LB process, a ring-shaped ALB intensity 
distribution with an outer diameter of 3 mm was used [69]. The system 
utilized a two-channel Oerlikon Metco Twin 150 disc powder feeder, 
which enabled the simultaneous independent feeding of two powder 
materials. The required composition of the powder mixture to fabricate 
Ti–6Al–4V–4Cu alloy is achieved by calibrating the disc powder feeder 
to deliver 5.76 g/min of Ti–6Al–4V and 0.24 g/min of Cu while main
taining a total mass flow rate of 6 g/min. The powder mixture was fed 
through the axial powder delivery nozzle into the melt pool. An inert Ar 
atmosphere with the oxygen content below 0.5 % is maintained in the 
build chamber, thereby preventing oxidation of the melt. As substrate 
material, wrought Ti–6Al–4V plates of dimension L × W × D = 90 mm ×
15 mm × 3 mm were used, which were clamped on a water-cooled 
mount maintained at a constant temperature of 19 ◦C.

To fabricate Ti–6Al–4V–4Cu alloy, nearly spherical plasma-atomized 
Tekmat Ti–6Al–4V Grade 23 and inert gas-atomized Oerlikon Metco 55 
Cu powders were employed, with manufacturer-specified particle size 
ranges of 45–105 μm and 38–90 μm, respectively. Fig. 2 presents optical 
microscope images of the powder particles along with particle equiva
lent diameter distributions for Ti–6Al–4V (Fig. 2a) and Cu (Fig. 2b). As 
can be observed, both distributions are very similar and exhibit slight 
positive skewness. The distributions were determined on representative 
samples of size larger than 100,000 particles by transmission optical 
microscopy [70].

2.2. DED-LB wall build strategies

To investigate the stability of the powder DED-LB process, which is 
reflected in the repeatable rectangularity of the walls, a set of walls was 
fabricated using different build strategies determined by the deposition 
path (uni- and bi-directional), the ALB deposition power (constant and 

Fig. 1. Experimental setup of the powder DED-LB system.
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reducing) and the ALB initial power Po, as shown schematically in Fig. 3. 
In the uni-directional deposition path, the DED-LB process occurs in a 
single direction along the wall and in the bi-directional deposition path 

in both directions, as shown schematically in Fig. 4a and b. For depo
sition path comparison, the effect of time was eliminated by introducing 
a 5-s dwell time before each layer in the bi-directional deposition path 

Fig. 2. Optical microscopy images and particle size histograms of the used powders: (a) Ti–6Al–4V, and (b) copper.

Fig. 3. Scheme of the DED-LB Ti–6Al–4V–4Cu wall build strategies.
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strategy, thereby equalizing the total deposition time for both deposition 
path strategies.

The two DED-LB deposition path strategies were performed with 
either constant or reducing ALB deposition power (10 W per layer) 
(Fig. 4c), using three ALB initial power Po values of 1150 W, 1250 W, 
and 1350 W for the deposition of the first layer. The deposition of 20 
layers with a layer height of 1 mm on a wrought Ti–6Al–4V substrate 
resulted in a wall with a height of 20 mm, a length of 70 mm, and a 
thickness of 3 mm.

2.3. Materials characterization

To characterize the microstructure, composition and electrochemical 
properties of the fabricated Ti–6Al–4V–4Cu alloy, discs with a diameter 
of 15 mm and a thickness of 2 mm were cut from the fabricated walls as 
shown in Fig. 5.

Before surface analysis, electrochemical measurements and implan
tation into mice, DED-LB disc samples were metallographically prepared 
in three mechanical and chemo-mechanical steps: (i) water-grinding 
using MD Mezzo 220, (ii) polishing using MD Largo + DiaPro, 9 μm 
and (iii) chemo-mechanical polishing using MD Chem + OP-S (SiO2, 
0.25 μm + 10 % v/v H2O2) [71]. All polishing cloths and lubricants were 
distributed by Struers (Ballerup, Denmark).

For the analysis of the microstructure, the surface was etched for 40 s 
using Kroll’s solution, which consisted of 100 mL water, 4 mL nitric acid 
(HNO3), and 2 mL hydrofluoric acid (HF). The etched surface was 
examined by optical microscopy (Keyence VHX-6000).

The XRD characterization was performed on a 1 cm2 sample area on 
an X-ray powder diffractometer (PANalytical X’Pert PRO) with Cu Kα 
radiation in the range from 30◦ to 90◦ 2Θ with a step of 0.0033◦ 2Θ and 
100 s per step. The qualitative and quantitative analyses were done by 
the X’Pert HighScore 4.9 program (Malvern Analytical B.V., Almelo, The 
Netherlands) with an in-built Rietveld refinement program (15 

parameters were refined - scale factors and unit cell parameters for each 
phase, as well as background and sample displacement parameters).

SEM analysis was conducted using a FEI Helios 650 Nanolab in
strument, operating at a beam acceleration voltage of 10 kV. Imaging 
was performed using a circular back-scattered (CBS) detector for back- 
scattered electrons (BSE) to obtain compositional information, as they 
provided a contrast between areas with different chemical compositions. 
In addition to SEM analysis, EDS was conducted using an Oxford In
struments AZtec system with an X-max SDD (50 mm2) detector at 10 kV. 
The volume fractions of the individual phases were quantified using 
ImageJ (U. S. National Institutes of Health) based on contrast differ
ences. The process involved cropping the images to exclude irrelevant 
regions, converting them to 8-bit grayscale, and applying fixed threshold 
values to distinguish phases by their grayscale intensities.

Electrochemical measurements were performed in a custom-built 
three-electrode cell, constructed from polymethylmethacrylate with a 
volume of 250 mL. The cell was equipped with a thermostatic jacket to 
maintain a constant temperature of 37 ± 0.1 ◦C throughout the exper
iments. The DED-LB sample, with an exposed surface area of 1 cm2, was 
used as the working electrode placed at the bottom of the cell using a 
holder. A saturated silver/silver chloride (Ag/AgCl) electrode, with a 
potential of 0.197 V relative to the standard hydrogen electrode, was 
employed as the reference electrode. In the text, potentials are given 
relative to the Ag/AgCl scale. The counter electrode was a graphite rod 
with a diameter of 5 mm. All electrochemical testing was conducted 
using an Autolab PGSTAT M204 multipotentiostat/galvanostat (Met
rohm Autolab, Nova software version 2.1.6, Utrecht, The Netherlands).

Electrochemical measurements were conducted in Hanks’ balanced 
salt solution (HBSS) with the following composition: 8 g/L sodium 
chloride (NaCl), 0.4 g/L potassium chloride (KCl), 0.19 g/L calcium 
dichloride dihydrate (CaCl2 × 2H2O), 0.06 g/L magnesium sulfate 
(MgSO4 × 7H2O), 0.40 g/L magnesium chloride hexahydrate (MgCl2 ×

6H2O), 0.35 g/L sodium hydrogen carbonate (NaHCO3), 1 g/L glucose 

Fig. 4. Schematic presentation of a) uni-directional and b) bi-directional deposition path, c) constant and reducing ALB deposition power.

Fig. 5. The geometry of the wall and the location of the cut-out discs.
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(D-Glucose), 0.25 g/L potassium dihydrogen phosphate (KH2PO4 ×

H2O), 0.06 g/L disodium hydrogen phosphate (Na2HPO4 × 2H2O); pH 
~ 7.2–7.4 [49]. All chemicals were analytically pure and distributed by 
Sigma Aldrich (Steinham, Germany).

The sample was stabilized at open-circuit potential (OCP) for 1.5 h, 
followed by the recording of the potentiodynamic polarization (PDP) 
curve at a scan rate of 1 mV/s. The scan started from − 0.15 V vs. OCP 
and progressed to 4.0 V. Electrochemical parameters, including corro
sion potential (Ecorr) and corrosion current density (jcorr), were extracted 
from the PDP curves using Nova 2.1.6 software. Representative mea
surements were selected for graphical presentation, and mean values 
with standard deviations of electrochemical parameters were reported 
in Table 2.

2.4. In vivo biocompatibility evaluation in a mouse subcutaneous 
implantation model

To evaluate the biocompatibility of the Ti–6Al–4V–4Cu alloy, an in 
vivo study was performed using a subcutaneous disc implantation model 
in 10-week-old female C57BL/6JOlaHsd mice. For implantation, small 
discs with a diameter of 5 mm and a thickness of 1 mm were cut from the 
wall. Four groups were included: a sham-operated control group (sur
gery without implant) (n = 14), a Ti–6Al–4V alloy group (n = 18), a 
Ti–6Al–4V–4Cu (4 % Cu) alloy group (n = 18), and a baseline group that 
did not undergo surgery (n = 15). Sterile disc-shaped implants (5 mm 
diameter, 1 mm thickness) were inserted subcutaneously between the 
scapulae using a minimally invasive surgical approach [72] under 
ketamine/xylazine anesthesia. Animals were monitored daily for wound 
healing, general health, and signs of discomfort using the Mouse 
Grimace Scale (MGS) [73]. Blood and tissues were analyzed for local and 
systemic effects at Day 7 (acute phase) and Day 56 (chronic phase) 
post-implantation. Group sizes were as follows: Ti–6Al–4V group (n = 9 
per timepoint), Ti–6Al–4V–4Cu group (n = 9 per timepoint), 
sham-operated group (n = 8 at Day 7, n = 6 at Day 56), and baseline 
(no-treatment) group (n = 7 at Day 7, n = 8 at Day 56). Blood was first 
collected from the tip of the tail for hematological analysis (VetScan 
HM5, 24 parameters, Zoetis, USA) and then from neck vein vessels 
following decapitation. For biochemistry profiling (VetScan Compre
hensive Diagnostic Profile, 14 parameters) fresh serum was used 
whereas serum was frozen for a subsequent measurements of metal ions 
(see section 2.4.1).

For histological analyses, three tissue types were collected from each 
animal: connective tissue surrounding the implant, tissue directly 
adjacent to the implant, and skin. Samples were fixed in 4 % formalin, 
embedded in paraffin, sectioned, and stained with hematoxylin and 
eosin (H&E). Slides were examined under a light microscope (Nikon 
Eclipse 80i), and representative images were captured with a digital 
camera (Nikon DS-Fi2).

All procedures involving animals were conducted in accordance with 
Directive 2010/63/EU, the Slovenian Animal Protection Act, and 
approved by the Administration of the Republic of Slovenia for Food 
Safety, Veterinary and Plant Protection (approval number: U34401-23/ 
2023/8).

2.4.1. Measurements of metal ions in mouse serum
Elemental concentrations of aluminum (Al), titanium (Ti), vanadium 

(V), and copper (Cu) were determined employing inductively coupled 
plasma mass spectrometry (ICP-MS). An Agilent Technologies 7700x 
ICP-MS (Tokyo, Japan) instrument was used. The ICP-MS operating 
parameters were optimized for plasma robustness and adequate sensi
tivity. For the removal of polyatomic interferences, collision mode was 
applied, using helium as the collision gas. The ICP-MS operating pa
rameters are provided in supplementary material, Table S1. A Mettler 
Toledo MS104 analytical balance (Zürich, Switzerland) was used for 
weighing.

Ultrapure water (18.2 MΩ cm) from a Direct-Q 5 Ultrapure Water 

System (Millipore, Watertown, MA, USA) was used to prepare calibra
tion standards and samples. Nitric acid (HNO3) s.p. purchased from 
Carlo Erba (Milan, Italy) was used for standard preparation. Merck ICP 
multi-element standard solution VI Certipur® from Merck (Darmstadt, 
Germany) was used to prepare calibration standards. The accuracy of 
the determination of total element concentrations in serum was verified 
by analyzing the certified reference material, Trace Elements in Serum 
L-2, obtained from SERO AS (Billingstad, Norway), which is certified for 
Al and Cu concentrations. Good agreement was obtained between the 
determined elemental concentrations (within ±5 %) and the certified 
values, confirming the accurate determination of total concentrations in 
serum by ICP-MS. These data are provided in Supplementary Material, 
Table S2. Since Ti and V concentrations are not certified in the Serum L-2 
reference material, a spike recovery test was applied. For this purpose, 
Serum L-2 was spiked with Ti and V at a concentration of 10 ng/mL. The 
recoveries obtained were within ±5 %.

Before analysis, all serum samples were thawed and equilibrated to 
room temperature. A 100 μL aliquot was transferred into a plastic tube, 
and the content was weighed using a precise analytical balance. Before 
the analysis, the sample was diluted 10 times with Milli-Q water. The 
amount of water was also measured by weighing. Elemental concen
trations were determined by ICP-MS using an external calibration mode. 
All samples were measured in duplicate.

3. Results and discussion

3.1. Material fabrication and test sample preparation

Fig. 6 shows examples of the side view of the Ti–6Al–4V–4Cu walls 
fabricated using different build strategies, at ALB initial power of Po =

1250 W. In the case of the uni-directional deposition path (Fig. 6a and 
b), the images highlight instability in the form of a slight waviness and 
asymmetry in the rectangular shape due to the one-sided DED run-out. 
In contrast, a more symmetrical rectangular shape of the wall was 
achieved with a bi-directional deposition path (Fig. 6c and d), indicating 
a higher process stability with this approach. With the reducing power 
(Fig. 6d), the rectangularity of the wall was further improved.

Based on process stability criteria and related wall shape (Fig. 3), the 
bi-directional deposition path with decreasing power was selected as the 
suitable build strategy. The appropriate ALB initial power Po was then 
selected based on optical microscopy images of the layer bonding at 
different values of ALB initial power, Po = 1150 W, 1250 W, and 1350 
W, shown in Fig. 7. In the case Po = 1150 W (Fig. 7a), a lack of fusion 
resulted in partially melted particles (indicated by arrows) between the 
successive layers, demarcated by a dashed line. In the cases Po = 1250 W 
and 1350 W (Fig. 7b and c), the deposited layers were well bonded from 
bottom to top, leading to the selection of the ALB initial power Po =

1250 W.
Considering the qualitatively presented impact of the build strategy 

on process stability related to the rectangularity of the wall and inter- 
layer bonding properties, the bi-directional deposition path with 
reducing power and ALB initial power Po = 1250 W was selected as the 
optimal build strategy for further characterization.

3.2. Materials characterization

3.2.1. Microstructure and chemical composition by SEM/EDS analysis
Generally, the build strategy affects the shape and orientation of the 

grains [74]. In agreement with previous studies on microstructure [33], 
the addition of Cu in Ti–6Al–4V resulted in the formation of equiaxed 
grains (highlighted in Fig. 7b) across all Ti–6Al–4V–4Cu fabricated 
samples, regardless of the build strategy.

The results for the DED-LB Ti–6Al–4V sample prepared without Cu 
addition were given in our previous study [49,71]. The Ti–6Al–4V 
predominantly consists of the Al-rich α phase, intersected with a V-rich β 
phase. The chemical composition was comparable to the metallurgically 
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produced alloy, i.e., 6.0 wt% Al, 4.2 wt% V and the rest Ti. The 
microstructure and chemical composition of the DED-LB 
Ti–6Al–4V–4Cu sample prepared with the selected build strategy are 
presented by the BSE SEM image in Fig. 8. The colors in BSE images 
differ in composition related to the atomic number; the higher the 
atomic number (corresponding to the heavier the element), the brighter 
the material appears in the image. The Al-rich α matrix phase is dark 
grey and occupies most of the sample surface, and light grey, V-rich β 
phase spreads longitudinally along the α phase. Compared to the 
Ti–6Al–4V sample [49], however, the addition of copper causes the 
formation of an additional phase represented by the bright particles 
along the edge of the β phase. The accompanying EDS analysis, per
formed over the entire area of the surface captured by SEM analysis, 
revealed a composition of 5.3 wt% Al, 3.3 wt% V, 3.9 wt% Cu and the 
rest Ti (Table 1), thus confirming the successful deposition of the 
Ti–6Al–4V–4Cu alloy using DED-LB.

Furthermore, the EDS point analysis was conducted at various lo
cations (phases) on the sample’s surface for closer inspection (Fig. 8 and 
Table 1). When examining the prevailing dark grey, Al-rich α phase 
(location 1), the Cu content is approximately 2 wt%, which is smaller 
than that determined for the whole image area (approximately 4 wt%). 
In the β phase (light grey phase, location 2), the Cu content was around 
5 wt%. The Cu content was the highest at 15 wt% in the Cu-rich phase 
(location 3). The results show that when performing EDS analysis over a 
larger area, the average composition obtained is insufficiently sensitive 
to account for lateral differences. However, point EDS analysis clearly 
showed that the concentration of Cu is the highest in the bright particles 
formed along the edges of the β phase. This new phase in the alloy 
corresponds to Ti2Cu, as evidenced by the XRD analysis (see below).

The phase fractions of the three constituent phases were contrasted 
and quantified to show volume fractions of individual phases (Fig. 8b–d. 
The α phase accounts for approximately 85 %, the β phase for 12 %, and 
the Ti2Cu phase for 3 % (Fig. 8e). The Ti2Cu particles are always located 
along the edges of the β phase. Determining the average size of the Ti2Cu 
particles is challenging using image analysis due to the nanometric size 
of the particles. Judging from the SEM images, the particle size ranges 
from 50 nm to approximately 200 nm.

3.2.2. XRD phase analysis
The XRD diffraction spectra of the Ti–6Al–4V–4Cu sample fabricated 

with the selected build strategy are presented in Fig. 9. The X-ray 
diffraction pattern of the DED-LB Ti–6Al–4V sample was described in 
our previous study [49] and is given here for comparison. Briefly, the 
prominent XRD peaks aligned with α-Ti (hcp) phase (ICDD 
PDF#04-023-7232) were noted with the prominent peaks at 35.3◦, 
38.5◦, 40.4◦, 53.2◦, 63.4◦, and 76.7◦ (2Θ) (crystallographic orientations 
are denoted in the figure). The spectrum of DED-LB samples is regarded 
as the martensite α′-Ti phase [49]. In addition, peaks related to the β-Ti 
phase were noted. The position of the peaks is aligned with the β phase 
(ICDD PDF#01-081-9813), with the prominent peaks at 39.4◦, 56.9◦, 
and 71.4◦ (2Θ). These peaks are denoted as β′-Ti since they are posi
tioned slightly differently from the β-Ti of the wrought alloy, presum
ably due to the different thermal histories of the two processes.

The prominent difference of the XRD spectrum of Ti–6Al–4V–4Cu 
compared to non-Cu containing alloys is the Ti2Cu peaks at 39.5◦, 43.5◦, 
and 77.1◦ (2Θ). There are some overlaps of the peaks, i.e., the peak at 
39.5◦ (2Θ) related to (103) Ti2Cu is close to (110) β′-Ti, but the former 
peak in the Cu-containing alloy is much more intense.

Fig. 6. Influence of DED-LB build strategy on the process stability and related shape of the fabricated Ti–6Al–4V–4Cu wall: (a) uni-directional path and constant 
power, (b) uni-directional path and reducing power, (c) bi-directional path and constant power, (d) bi-directional path and reducing power.

Fig. 7. Optical microscopy images of layer bonding at different ALB initial power Po values: (a) 1150 W, (b) 1250 W, (c) 1350 W. All samples were fabricated with a 
bi-directional path and reducing ALB power.

A. Jeromen et al.                                                                                                                                                                                                                                Journal of Materials Research and Technology 39 (2025) 5597–5611 

5603 



Fig. 8. (a) Back-scattered SEM image of surface morphology for DED-LB manufactured Ti–6Al–4V–4Cu sample fabricated with the selected build strategy. The image 
was recorded at a magnification of 20,000×. EDS compositional analysis conducted at the numbered sites is presented in Table 1. (b–c) Contrasted individual α, β and 
Ti2Cu phases and (e) their volume fractions quantified using the ImageJ programme.
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3.2.3. Electrochemical measurements of DED-LB Ti–6Al–4V and 
Ti–6Al–4V–4Cu samples

The electrochemical properties of both DED-LB Ti–6Al–4V and 
Ti–6Al–4V–4Cu samples were considered. Potentiodynamic polarization 
(PDP) curves recorded in Hanks’ balanced salt solution (HBSS) (pH =
7.2–7.4, 37 ◦C) for both samples are presented in Fig. 10. Typical elec
trochemical parameters of open circuit potential, OCP, corrosion po
tential, Ecorr, and corrosion current density, jcorr, deduced from the PDP 
curves are presented in Table 2.

Upon immersion in HBSS, both samples show very similar OCP, 

between − 0.10 and − 0.13 V, the latter being slightly more negative for 
Ti–6Al–4V–4Cu (Fig. S1). During the first hour of immersion, OCP 
shifted more negatively and then remained approximately constant until 
the end of the immersion. The mean values of OCP were − 0.360 ±
0.061 V and − 0.326 ± 0.126 V for Ti–6Al–4V and Ti–6Al–4V–4Cu 
samples, respectively.

After starting the potentiodynamic scan − 0.15 V relative to stabi
lized OCP (Fig. 8), the current density progressively decreased in the 
cathodic range down to the Ecorr and then increased again in the anodic 
range. When analyzing typical electrochemical parameters in the nar
row range around the corrosion potential, it is observed that the mate
rials exhibit similar behavior (Table 2). The values of Ecorr are − 0.345 ±
0.088 V and − 0.371 ± 0.119 V for DED-LB Ti–6Al–4V and 
Ti–6Al–4V–4Cu, respectively. Similarly, jcorr values are 11.6 ± 3.63 nA/ 
cm2 and 16.7 ± 7.92 nA/cm2; thus, Ecorr and jcorr were slightly more 
negative (for 25 mV) and marginally higher (for 5 nA/cm2) for the 
sample containing copper.

However, in the anodic region, the differences between the two 
samples became more apparent. The rise in current density continued 
from Ecorr up to approximately 0 V. In this potential range, the current 
density rose slightly steeper for the sample without Cu, and also the 
onset potential of the current density plateau was somewhat more 
negative, i.e., 0.06 V compared to 0.18 V for Ti–6Al–4V–4Cu. Although 
the effect is minor, it indicates that the addition of Cu slightly affects the 
kinetics of self-passivation. At the first plateau, the current density 
remained at 4⋅10− 5 A cm− 2 despite further increase in electrode po
tential. This passivation effect is related to the progressive coverage of 
the surface by a TiO2 layer, preventing further metal dissolution [49,
71]. For the Ti–6Al–4V, this plateau extends to 2.65 V. At more positive 
potentials, the current density increased and a second current density 
plateau was established at 6⋅10− 3 A cm− 2, as described previously [49,
71].

For the Ti–6Al–4V–4Cu, however, the first current density plateau 

Table 1 
Composition determined by EDS analysis conducted at various spots of DED-LB 
Ti–6Al–4V–4Cu sample (Fig. 8). Please note that standardless EDS is a semi- 
quantitative analysis. For Ti as a major element, the composition is rounded 
to 1 wt %, as well as for O as a light element.

Site Composition/wt.%

Ti Al V Cu O

whole image 84 5.3 3.3 3.9 2
1 85 5.9 2.9 2.3 3
2 84 5.5 3.5 2.4 3
3 78 4.5 11.1 5.3 –
4 73 4.4 3.7 15.6 2

Table 2 
Electrochemical data for DED-LB Ti–6Al–4V and Ti–6Al–4V–4Cu samples ob
tained from potentiodynamic measurements in HBSS are presented in Fig. 10. 
OCP - open circuit potential, Ecorr - corrosion potential, and jcorr - corrosion 
current density.

Sample OCP [V] Ecorr [V] jcorr [nA cm− 2]

Ti–6Al–4V − 0.360 ± 0.061 − 0.345 ± 0.088 11.6 ± 3.63
Ti–6Al–4V–4Cu − 0.326 ± 0.126 − 0.371 ± 0.119 16.7 ± 7.92

Fig. 9. The XRD diffraction (normalised) patterns of the DED-LB Ti–6Al–4V–4Cu sample recorded in the range 30–80◦ (2Θ). The spectrum for the DED-LB Ti–6Al–4V 
sample, fabricated with the same build strategy, is given for comparison. Enlarged spectra in the 30− 45◦ and 70− 80◦ (2Θ) range are shown in the right panel.
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extends only to 1.32 V. At more positive potentials, a new feature ap
pears in the form of two not well-resolved current peaks at 1.48 V and 
2.72 V. The second current density plateau was reached at somewhat 
higher current densities than for the Ti–6Al–4V. The features related to 
the current density increase between 1.3 V and 3 V can be attributed to 
the presence of copper in the material. Copper is less corrosion-resistant 
than Ti alloy in the simulated physiological medium, which contains 
chloride ions. These ions facilitate the dissolution of copper, which then 
presumably forms a Cu–Ti-rich layer at the surface.

Based on the materials characterization of the Ti–6Al–4V–4Cu alloy, 
it can be summarized that the alloy exhibits a lamellar structure with α 
phase containing predominantly Ti and Al, β phase containing Ti, Al, V 
and Cu and β phase rich in Cu. In terms of electrochemical corrosion 
characteristics, the PDP curves reflect the passivation capability of both 
alloys in HBSS. They behave similarly in the range around OCP, but in 
the anodic range, their behavior differs, with the alloy containing copper 
showing the formation of a new current peak, presumably related to the 
formation of a Cu–Ti-containing surface layer.

When comparing the results obtained in this study with the literature 
data, several differences are observed. PDP curves were reported for 
Ti–xCu [27,51,52] and Ti–6Al–4V–xCu alloys [20,53–55]. The curves 
were measured in 3.5 wt% at room temperature [50,53], 0.9 wt% at 
37 ◦C [20,54], simulated body fluid at 37 ◦C [55], HBSS at 37 ◦C [51,
52]. Except in Ref. [27], all these samples were prepared by the PBF-LB 
method. The reported results on the characteristics of the PDP curves 
largely differ. In several studies, a decrease in current density has been 
reported with the addition of copper [20,50,51,53]. The content of Cu 
seems to have only a minor effect on the shape of the PDP curve [20,51]. 
In another study, the formation of an additional peak was reported for 
Ti–6Al–4V–xCu alloys with higher Cu contents, i.e., 8 and 10 wt% [55]. 
In some studies, no comparable measurements were provided for the 
alloy containing no Cu, making it impossible to make a comparison [52,
54]. Based on the presented literature findings, it appears challenging to 
directly compare the results obtained from various methods, as well as 
those from the same type of AM method.

3.3. In vivo biocompatibility assessment of Ti–6Al–4V–4Cu implants

The in vivo biocompatibility of the Ti–6Al–4V–4Cu alloy produced by 

additive manufacturing was evaluated using a mouse subcutaneous disc 
implantation model, focusing on general health, systemic toxicity, and 
local histological responses (Fig. 11).

The general health and well-being of the mice were monitored 
throughout the study using daily visual observations, evaluations with 
the Mouse Grimace Scale (MGS), and measurement of feed intake, water 
intake, and body weight (Fig. S2). No signs of distress, abnormal 
behavior, or significant changes in MGS scores were observed at any 
time point after implantation. Feed intake, water intake, as well as body 
weight, remained comparable between the Ti–6Al–4V–4Cu alloy, 
Ti–6Al–4V alloy, and sham-operated control groups on both Day 7 and 
Day 56.

Systemic hematological responses were assessed by analyzing white 
blood cell counts, red blood cell counts, hemoglobin levels, and platelet 
counts on both Day 7 (Fig. 12) and Day 56 (Fig. S3). No significant 
differences were detected among the Ti–6Al–4V–4Cu, Ti–6Al–4V, sham- 
operated and untreated control groups at either time point.

Metabolic profiling was performed using the VetScan Comprehen
sive Diagnostic Profile to assess liver function, kidney function, glucose 
metabolism, and electrolyte balance. A panel of 14 biochemical pa
rameters was analyzed on both Day 7 (Fig. 13) and Day 56 (Fig. S4). No 
significant differences were observed among the experimental groups 
for any of the measured parameters.

Histological analysis showed that all implants were surrounded by a 
loose connective tissue capsule containing macrophages, fibroblasts, 
granulocytes, and scattered collagen fibers, with no evidence of granu
lomatous inflammation. Skeletal muscle fibers and both brown and 
white adipose tissue were observed in tissue adjacent to the implants, 
indicating integration with the surrounding soft tissues (Fig. 14). Similar 
patterns were observed in sham-operated animals (Fig. S5). Skin sam
ples exhibited normal epidermis, a dermis with hair follicles, and sub
cutaneous adipose tissue in all groups (Fig. 14). Macrophages with dusty 
black cytoplasm—suggestive of phagocytic activity—were observed in 
both implant groups, with no apparent differences in their density 
(Fig. 15). Occasional skin sections from animals across all experimental 
groups exhibited localized granulocyte infiltration, likely due to self- 
inflicted scratching. As these findings were restricted to the skin and 
unrelated to the implant site, they are not indicative of an implant- 
specific inflammatory response (Fig. S6).

3.3.1. Measurements of metal ions in serum
The concentrations of metal ions measured by ICP-MS on Day 7 and 

Day 56 for baseline, sham, Ti–6Al–4V, and Ti–6Al–4V–4Cu groups are 
given in Fig. 16. The detailed results are given in Table S3. Among all the 
metal ions, copper had the highest concentration in the mouse blood 
before the operation (baseline), about 449 ng/g. The concentrations of 
Al, V, and Ti were 30–60 times smaller. At Days 7 and 56, no significant 
differences were observed, indicating that the concentrations remained 
at a similar level and that the implantation of either disc type did not 
promote increased metal release into the blood.

The in vivo evaluation confirmed that Ti–6Al–4V–4Cu alloy implants 
exhibited excellent biocompatibility, with no evidence of systemic 
toxicity, metabolic disturbances, or local inflammatory responses. 
Across a range of physiological readouts - including feed and water 
intake, body weight, behavioral indicators, hematological, metabolic 
parameters, and histological findings - no significant differences were 
detected between the Ti–6Al–4V–4Cu alloy group and either the 
Ti–6Al–4V or control groups at either Day 7 or Day 56. These results 
indicate that the introduction of 4 wt% copper did not elicit detectable 
systemic toxicity or adverse local effects in this murine subcutaneous 
model. The stable physiological and behavioral outcomes observed 
throughout the whole 56-day observation period further support the 
alloy’s safety profile. Some previous studies examining Cu-containing 
metal implants in vivo have reported similar findings across different 
species and anatomical models. For example, Ti–Cu implants in rabbit 
femur [61], Cu-stainless steel discs in rats [62], and Ti–Cu dental 

Fig. 10. Potentiodynamic polarization curves of DED-LB manufactured 
Ti–6Al–4V and Ti–6Al–4V–4Cu samples after 1.5 h of immersion in Hanks 
balanced salt solution (HBSS) (pH = 7.4, 37 ◦C). Curves were recorded using a 
scan rate of 1 mV/s. Both samples were printed using the selected build strat
egy. Electrochemical parameters are presented in Table 2.
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implants in beagle dogs [9] have shown no evidence of systemic toxicity, 
while promoting tissue integration or osteogenesis. While differences in 
implantation site, alloy composition, and animal species preclude direct 
comparison, the overall findings are consistent with a favorable safety 
profile for biomedical Cu-containing alloys.

Additionally, ICP-MS analysis of blood samples showed no elevation 
in systemic metal ion levels following implantation—copper concen
trations remained stable, and aluminum, vanadium, and titanium levels 
stayed 30–60 times lower than baseline copper values. This observation 
aligns with the findings of Sengodan and Doddihithlu (2020), who re
ported that serum titanium levels remained within normal limits, with 
no signs of systemic toxicity in patients with orthopedic implants [75]. 
Similarly, Kram et al. [76] (2022) demonstrated that serum copper 
levels remained within the non-toxic range (<1.69 mg/L) following 
implantation of copper-containing urological devices. Together, these 

results not only confirm the systemic biocompatibility of Cu-containing 
alloys but also highlight the absence of copper leaching into circulation, 
supporting their safe long-term use in biomedical applications.

4. Conclusions

This study demonstrates the successful additive manufacturing of 
Ti–6Al–4V–4Cu alloy using an axial powder DED-LB process with an 
annular laser beam. The optimal DED-LB build strategies were consid
ered in relation to process stability, specifically in terms of wall shape 
and interlayer bonding properties. Using the ring laser beam intensity 
distribution, the bi-directional deposition path with reducing ALB 
deposition power and an ALB initial power of Po = 1250 W was selected 
as the optimal build strategy. Microstructural analysis of the fabricated 
Ti–6Al–4V–4Cu alloy confirmed a homogeneous distribution of α, β, and 

Fig. 11. Surgical implantation and post-operative outcome of Ti–6Al–4V–4Cu alloy discs. (a) Sterile disc-shaped implants (5 mm × 1 mm) were inserted subcu
taneously between the scapulae of anaesthetised mice via a minimally invasive approach. (b) By Day 10, the wound showed full closure, good healing, and no signs of 
inflammation or distress.

Fig. 12. Hematological parameters at Day 7 after implantation of Ti–6Al–4V–4Cu alloy discs. A panel of 24 parameters was analyzed to assess systemic effects, and 
no group differences were found at Day 7. Boxplots display medians and interquartile ranges; statistical analysis was performed using one-way ANOVA (α = 0.01). 
Abbreviations: WBC, white blood cell count; LYM, lymphocytes; MON, monocytes; NEU, neutrophils; RBC, red blood cell count; HGB, haemoglobin; MCV, mean 
corpuscular volume; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; RDWs, red cell distribution width; PLT, platelet 
count; MPV, mean platelet volume; PDWs, platelet distribution width.
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Ti2Cu phases. Electrochemical testing in simulated physiological con
ditions demonstrated high corrosion resistance, comparable to that of a 
Cu-free alloy, yet identified features related to the Cu-containing phase. 
In vivo subcutaneous implantation in mice revealed no signs of systemic 
toxicity, inflammation, or abnormal histology, with stable physiological 
parameters and serum metal ion concentrations over 56 days. Together, 

these findings confirm the in vivo biocompatibility and material stability 
of the powder DED-LB process based additive manufacturing of 
Ti–6Al–4V–4Cu alloy, supporting its potential for biomedical applica
tions requiring both corrosion resistance and biological safety. Future 
work will address its antibacterial properties under infected conditions 
and evaluate performance in bone or dental implantation models to 

Fig. 13. Metabolic parameters at Day 7 following implantation of Ti–6Al–4V–4Cu alloy discs. A panel of 14 metabolic parameters, assaying liver, kidney, glucose, 
and electrolytes at Day 7. No significant differences were found among groups. Boxplots display medians and interquartile ranges; statistical analysis was performed 
using one-way ANOVA (α = 0.01). Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AMY, amylase; TBIL, total bilirubin; 
BUN, blood urea nitrogen; CA, calcium; PHOS, phosphorus; CRE, creatinine; GLU, glucose; Na+, sodium; K+, potassium; TP, total protein; GLOB, globulin.

Fig. 14. Connective tissue capsule surrounding the implant (a). In the tissue adjacent to the implant, skeletal muscle fibers as well as brown and white adipose tissue 
are present (b). Skin samples show a thin epidermis and dermis, with visible hair follicles and subcutaneous adipose tissue (c). (H&E staining; original magnification: 
× 100 (a), × 40 (b, c); scale bars represent 200 μm (a) and 500 μm (b, c).

Fig. 15. Connective tissue capsules surrounding (a) Ti–6Al–4V and (b) Ti–6Al–4V–4Cu implants are composed of loose connective tissue-containing macrophages 
( ), fibroblasts ( ), granulocytes ( ), and scattered collagen fibers ( ). Macrophages with dusty black cytoplasm ( ) are present in both groups, with no apparent 
differences in their density. (H&E staining; original magnification: × 400; scale bars represent 50 μm).
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explore its dual functionality as a structural and antimicrobial implant 
material.
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[46] Bajt Leban M, Kosec T, Finšgar M. The corrosion resistance of dental Ti6Al4V with 
differing microstructures in oral environments. J Mater Res Technol 2023;27: 
1982–95. https://doi.org/10.1016/j.jmrt.2023.10.082.

[47] Dehnavi V, Henderson JD, Dharmendra C, Amirkhiz BS, Shoesmith DW, Noël JJ, 
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